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RNA interference
OUR LABORATORY HAS PREVIOUSLY reported on the discovery and expression patterns of Mustn1 (Mustang, musculoskeletal temporally activated novel gene), encoding for a small 82 amino acid nuclear protein (16) . Specifically, Mustn1 was identified through our transcriptional profiling experiments on bone regeneration (7) and its expression was subsequently shown to be temporally regulated during this process, with the highest levels observed at 5 days postfracture in osteoprogenitor cells of the periosteum, as well as osteoblasts and chondrocytes of the healing callus (16) . In normal adult tissues, Mustn1 expression was predominantly detected in skeletal muscle and tendon, suggesting that it represents a musculoskeletal-specific gene. Characterization of the Mustn1 promoter uncovered four AP-1 domains, one of which is responsible for substantial transcriptional activation (15) . Further characterization revealed that in both proliferating and differentiating C2C12 cells, the key AP-1 site required only c-Fos, Fra-2, or JunD for transcriptional activation, supporting the idea that these immediate early gene products are important for promoting Mustn1 expression. Lastly, we recently reported on Mustn1's functional contribution to chondrogenic proliferation and differentiation (5) .
Given that Mustn1 expression is observed within progenitor cell populations during bone regeneration as well as in adult skeletal muscle and that its promoter contains functionally significant AP-1-binding motifs, we were interested in investigating the expression pattern and functional significance of Mustn1 during adult myogenesis, a process that requires muscle progenitor cell (myoblast) proliferation, differentiation, and fusion.
In vitro, removal of proliferative stimuli will cause myoblasts to abort their proliferative cycle and initiate the myogenic differentiation cascade. The mononucleated myoblasts will take on an elongated, spindle-shaped appearance, migrate, and align to one another. The subsequent process of myofusion involves dissociation of the cell membrane at the focal contact points and longitudinal fusion of the cytoplasm, resulting in the formation of multinucleated, fiberlike myotubes (2) . These cellular processes recapitulate those occurring during skeletal myogenesis in vivo and are ultimately controlled by molecular events involving a group of transcription factors, the myogenic regulatory factors (MRFs) (19, 21) . While the MRFs Myod and Myf5 are characterized as determination factors, defining satellite cells (the primary muscle stem cell population) to the myogenic lineage, the MRFs Myog and Mrf4 are characterized as late myogenic differentiation factors because their genomic inactivation results in a severe loss of differentiated skeletal muscle while having no effect on myoblast number (8, 18) . Though the expression of Myog and Mrf4 specifies myoblast differentiation, completion of the differentiation process is indicated by expression of contractile proteins such as myosin heavy chain (Myhc) (19) . The myofusion events are required for the generation of multinucleated myofibers, and their subsequent hypertrophy is characterized by the expression of genes such as calpain 1 (Capn1), caveolin 3 (Cav3), and cadherin 15 (Cadh15) (4, 17, 20) .
Armed with this information, we investigated the developmental expression of Mustn1 in skeletal muscle and defined its functional contribution to myoblast proliferation, differentiation, and myofusion by testing the hypothesis that Mustn1 is expressed during skeletal muscle development and that its downregulation would affect myogenic differentiation. Results from these experiments demonstrate that Mustn1 is expressed during embryogenesis in the somites and developing muscles, but its expression peaks during the third month of life and beyond, consistent with the expression pattern of Myod. Silencing of endogenous Mustn1 using RNA interference (RNAi) had no effect on myoblast proliferation; however, profound effects on myoblast differentiation were observed, with myoblasts elongating poorly and failing to fuse, leading to robust downregulation of differentiation and fusion markers as well as a complete absence of multinucleated myotubes. Taken together, these findings indicate that Mustn1 is a novel protein critical for normal myogenic progenitor cell (myoblast) function because its repression leads to a complete loss of myofusion, ultimately resulting in an absence of multinucleated myotubes.
MATERIALS AND METHODS
Cell culture. C2C12 cells and human embryonic kidney (HEK)-293 cells were obtained from American Type Culture Collection and maintained in proliferation medium consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. All cells were incubated at 37°C and 5% CO 2. To induce myogenic C2C12 differentiation, proliferation medium was replaced with differentiation medium (DMEM supplemented with 2% horse serum) on confluent myoblasts.
In situ hybridization. All methods and animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Stony Brook University and met or exceeded all federal guidelines for the humane use of animals in research. In situ hybridization was conducted as previously reported by our laboratory (6, 16) . Briefly, riboprobes were created by using T7 and Sp6 primers to amplify sense and antisense RNA probe sequences. These products were then purified and labeled using the DIG RNA labeling kit (Roche). The original PCR product was degraded using RNase free DNase 1 (Qiagen). This reaction was stopped using 0.2 M EDTA (pH 8.0). The final riboprobes were then purified using sephadex G-50 (Qiagen) quick spin columns. Embryos were dissected out on 10.5 and 11.5 days postcoitum (dpc) and fixed with 4% paraformaldehyde for 1 h at room temperature, permeabilized with proteinase K, bleached with H 2O2, and stored at Ϫ20°C in 100% methanol. Embryos were then rehydrated through a methanol gradient and hybridized overnight at 65°C in a probe concentration of 250 ng/ml, followed by a wash with MABT, blocked in MABT ϩ 20% goat serum ϩ 2% Boehringer blocking reagent (BM 1096 176) and incubated overnight in 1:2,000 dilution anti-DIG 2°antibody. Finally, the embryos were again washed with MABT and expression was visualized with a solution of NTMT (40 mM Tris, 100 mM NaCl, 40 mM MgCl, 0.2% Tween 20)-BCIP (5-bromo-4-chloro-3-indolyl phosphate). Photomicrographs were taken under bright field using a Zeiss Discovery.V8 Stereo microscope with an AxioCam MRc digital camera.
Rat embryo sections were purchased (ready for use) from Novagen while adult mouse skeletal muscles were carefully dissected, flash frozen, and sectioned (8 m). Before hybridization, all tissue sections were fixed in 4% paraformaldehyde. Protein digestion was then accomplished by incubation in 1 N HCl, followed by incubation with varying concentrations of proteinase K (1 to 100 g/ml, Roche). The sections were then acetylated with 0.5% acetic anhydride in PBS (pH 8.0) for 10 min with continuous stirring. Before hybridization, riboprobes in hybridization buffer were heated at 80°C for 3 min, followed by quick cooling in ice water. The hybridization mixture contained a riboprobe (1.0 ng/l), 50% deionized formamide, 10% dextran sulfate, 2ϫ SSC, 0.02% SDS, and 0.01% salmon sperm DNA. The slides were incubated for 16 h at 60°C in a humid atmosphere. Following hybridization, the sections were washed and the same anti-DIG detection assay was used. Finally, the sections were rinsed with tap water, mounted, and viewed with a Zeiss microscope (Axiovert 200) and photographed using an AxioCam MRc digital camera.
RNA interference. RNAi was performed to silence Mustn1 in C2C12 myoblasts using the retroviral delivery of short hairpin RNA (shRNA) into the host cells. Four Mustn1 shRNA constructs (19 or 20 bp in length and specific to the mouse Mustn1 coding region) were evaluated relative to a control RNAi (green fluorescent protein, GFP), and the one showing the most Mustn1 suppression was selected for further analysis. All experimental procedures were carried out following instructions from the Retroviral GeneSuppressor System provided by IMGENEX. Briefly, to prepare the RNAi constructs, four different oligonucleotide sequences as well as a control (GFP, 5=-CATACG-GAAAACTTACCC-3=) were selected according to the guidelines stated in the kit's manual and cloned into the pSuppressorRetro retroviral vector. To produce the viruses, the plasmids were used individually with the pCL-Eco plasmid (kit provided) to cotransfect HEK-293 cells using the FuGENE 6 Transfection Kit (Roche) following the manufacturer's instruction. Viruses were collected from the culture media as instructed and purified using 0.45-m filters.
The viruses carrying the Mustn1 shRNA were then used individually to infect proliferating C2C12 cells (ϳ30% confluent). Similarly, viruses carrying the control GFP-specific shRNA were also used to infect C2C12 cells (control cell line). All cells were cultured in the presence of 400 g/ml G418 (Invitrogen), and single colonies were isolated from the infected cell lines and maintained separately to identify which one showed 1) the most dramatic Mustn1 suppression and 2) no interferon response, relative to the control cell line. In addition to the parental-uninfected and GFP control-infected cells, the Mustn1 RNAi (5=-TATTCAGCCGCAACCGCAC-3=) cell line showing the greatest degree of knockdown was used for all subsequent analyses.
Quantitative real-time polymerase chain reaction. Total RNA samples were prepared with RNeasy Mini Kit (Qiagen) and treated with DNase I (Qiagen) to remove residual genomic DNA. RNA quality was determined by gel electrophoresis, and concentration was measured with a NanoDrop ND-1000 (NanoDrop). Quantitative realtime polymerase chain reaction (Q-PCR) was carried out with QuantiTect SYBR Green RT-PCR Kit (Qiagen) and the LightCycler system (Roche) following a standard protocol used previously in our laboratory (5, 6, 10, 11, 15, 28) . Genes of interest and their primers are listed in Table 1 . All data were normalized to a housekeeping gene (i.e., 18S rRNA or ␤-actin). Each experiment was performed in triplicate to determine standard deviation. Statistical significance was determined by one-way ANOVA with Tukey's post hoc test.
Cell proliferation. Proliferation of the parental, GFP control, and Mustn1 RNAi cell lines was measured using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS) kit (Promega). Briefly, the cells were seeded in triplicate in 24-well plates at a density of 8,000 cells/well. At the specified times, cells were treated with MTS reagent for 30 min before dilution of the respective conditioned media 1:2 in double-distilled H2O and measurement of the absorption at 490 nm on SmartSpec 3000 (Bio-Rad). Measurements were taken every 24 h for 5 days starting at 2 h after plating. Statistical significance was determined by one-way ANOVA with Tukey's post hoc test.
Myotube quantification. Photos of parental, GFP control, and Mustn1 RNAi cell lines were taken at 4 and 6 days following induction of myogenic differentiation through exposure to low-serum medium. Five individual phase-contrast views, one from the center and four corners (located at approximately the middle of the radius) of a 10-cm culture dish, were selected and photographed for each cell line. All elongated cells with a myotube-like morphology in each view were manually counted and averaged with the corresponding standard deviations calculated. Statistical significance was determined by oneway ANOVA with Tukey's post hoc test.
Immunocytochemistry. The parental, GFP control, and Mustn1 RNAi cell lines were stained with antibodies against Myog and Myhc [MF20, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City (1)]. Initially, all cell lines were seeded on BD BioCoat Collagen I Coated Coverslips (BD Biosciences) and at 48 and 96 h after the beginning of myogenic differentiation were fixed with 4% paraformaldehyde for 15 min, washed with 1ϫ PBS, then permeabilized with 0.1% Triton X-100 and washed again with 1ϫ PBS. After blocking with 4% horse serum for 1 h, primary antibodies (1:1,000) were applied and incubated overnight at 4°C, then washed in 1ϫ PBS and incubated with the corresponding Cy2-conjugated secondary antibody (1:200, Chemicon) for 1 h. Finally, all coverslips were rinsed with 1ϫ PBS, mounted with permanent mounting media (VectaMount, Vector Laboratories), and observed and photographed using fluorescent microscopy with a Zeiss Axiovert 200 and an AxioCam MRc digital camera.
RESULTS

Mustn1 expression during skeletal muscle development.
To investigate the temporal expression of Mustn1 during skeletal muscle development, we employed Q-PCR with RNA isolated from skeletal muscles of embryonic [E17 and E18 days dpc], newborn [day 1 (D1)], postnatal [weeks 1-3 (W1-3) , months 1-2 (M1-2)], and adult [months 3-12 (M3-12)] mice. Results from these experiments show that Mustn1 expression is at relatively low levels during embryogenesis up to 2 mo of age but robustly increases at 3 mo of age (ϳ5-fold) and beyond (Fig. 1A) . To relate the changes in Mustn1 expression with that of other myogenic related gene markers, we analyzed the temporal expression of Myod and myosin, heavy polypeptide 4 (Myh4; or MyHC-IIb). Myod displayed an almost identical profile as Mustn1, except with overall higher levels at M3 (ϳ15-fold) and beyond (Fig. 1B) . In contrast, Myh4 displayed no detectable expression in the embryonic stages and at birth but then showed a steady increase beginning at W1 (ϳ1-fold) until M12 (ϳ4-fold) with a peak at M6 (ϳ7-fold) (Fig. 1C) .
To localize the expression pattern of Mustn1 in developing and adult skeletal muscle, we undertook in situ hybridization analyses. Whole mount mouse embryos at both E10.5 and E11.5 dpc show robust Mustn1 expression in somites, as well as the fore-and hindlimb buds (Fig. 2, A and B, black and white arrows, respectively). Mustn1 expression was also detected as early as E10 dpc, specifically in neuroepithelium cells of the neural tube and somites (Fig. 2C) and later stages at E18 dpc in the perichondrium of developing ribs and intercostal muscles (Fig. 2D ) in addition to the various dorsal skeletal muscles of the back including cross sections of the neck trapezius muscles (Fig. 2E ). An adjacent control section hybridized with the sense probe shows no staining (Fig. 2F) . Lastly, analyses of sections from healthy adult skeletal muscle (tibialis anterior) reveal Mustn1 expression localized to some peripherally located nuclei of skeletal muscle fibers (Fig.  2G ) with no signal detected in the control sense hybridized section (Fig. 2H) .
Silencing of Mustn1 in skeletal muscle myoblasts prevents differentiation. To functionally perturb Mustn1, we employed retroviral delivery of shRNA. Specifically, we used four shRNAs targeting selected regions of Mustn1 mRNA, as well as a control retrovirus (targeting GFP). On the basis of preliminary experiments with C2C12 cells, we selected one shRNA that showed maximal reduction of Mustn1 and no induction of interferon response gene expression (2=,5=-oligoadenylate synthetase 1 or OAS1, data not shown) for further experiments. Figure 3 shows that this shRNA was able to significantly reduce Mustn1 mRNA levels by ϳ60% in comparison to those of control (P Ͻ 0.05) or parental cells (P Ͻ 0.01) at day 4 of differentiation. The control shRNA targeting GFP had no effect on Mustn1 expression, similar to that observed in parental cells (Fig. 3) .
To investigate the effects of Mustn1 silencing on skeletal muscle myoblasts, we examined their capacity for proliferation and differentiation on the C2C12 myoblast cell line. Silencing of Mustn1 had no effect on the proliferative capacity of myoblasts compared with control-infected and parental cells up to 5 days in growth medium (Fig. 4) . We did, however, observe robust inhibition of myogenic differentiation. Specifically, as a measure of differentiation, we examined the elongation of myoblasts to form myotube-like structures at 4 and 6 days following incubation in differentiation media. Results from these experiments reveal that the number of myotube-like structures in the Mustn1-silenced cells was significantly decreased by ϳ73% and 93% in comparison to the parental cells and by ϳ70% and 93% in comparison to the control-infected cells on day 4 and 6, respectively (Fig. 5A ). There was no significant difference between control-infected and parental cells at either time point (Fig. 5A) . Figure 5B depicts representative photos of the three cell lines at day 6 illustrating the presence of numerous, large myotube-like structures in both parental and control cells. In contrast, differentiation in Mustn1-silenced cells resulted in a very small number of elongated myotube-like structures which were much smaller in size than their control and parental counterparts (Fig. 5B) .
Since we observed such inhibitory effects on myogenic differentiation as a result of reduced Mustn1 levels, we decided to examine whether this reduction in myotube number and size is accompanied by changes in myogenic and myofusion marker gene expression. We initially employed Q-PCR to examine the temporal expression levels of a number of genes related to myogenic differentiation (Myog, Myh4, Des) and myofusion (Capn1, Cav3, Cadh15) (9) . Figure 6 shows the measured expression levels of these genes at 48 and 96 h following addition of differentiation media between the control and Mustn1-silenced cells. All genes displayed significant decreases in mRNA expression levels in the Mustn1-silenced cells as compared with those in control, at both 48 and 96 h (Fig. 6) . The most dramatic decrease in expression within the myogenic differentiation genes was observed for Myh4 with an ϳ9 (P Ͻ 0.001) and 11.5-fold (P ϭ 0.002) decrease in comparison to control at 48 and 96 h, respectively. Similarly, for the myofusion-related genes, the most dramatic decrease occurred with Cav3 with an ϳ6.5 (P Ͻ 0.001) and 4.4-fold (P ϭ 0.021) decrease seen at 48 and 96 h, respectively (Fig. 6) .
To further validate that the expression of myogenic differentiation markers was reduced in Mustn1-silenced cells, we undertook immunocytochemical analyses for Myog and Myhc. Fig. 4 . Mustn1 silencing has no effect on C2C12 proliferation. Proliferation rate comparisons of the C2C12 parental, control, and Mustn1 RNAi cells using the MTS assay over a 5-day course. Error bars indicate SD derived from three independent measurements per time point. There was no statistical significance between any cell line at any time point as determined by one-way ANOVA with Tukey's post hoc test.
As seen in Fig. 7 , silencing of Mustn1caused a considerable reduction in the protein expression of Myog and complete abolishment of myofusion. More specifically, the data show that both the parental and control-infected cells differentiated normally, with Myog expression observed in the nuclei beginning at 48 h (Fig. 7, A and C) . Further differentiation (at 96 h) resulted in large, multinucleated myotubes with strong Myog expression (Fig. 7, B and D) . In contrast, no Myog expression was detected in the Mustn1-silenced cells at 48 h and by 96 h some cells were Myog positive, but at much lower numbers (Fig.  7, E and F) . Furthermore, the Myog-positive cells were not elongated and contained only a single nucleus (Fig. 7, E and F) .
Myhc immunostaining further verified the Myog results and confirmed what we had observed with light microscopy, that the number and size of myotubes were indeed smaller in the Mustn1-silenced cells as compared with those in the parental and control-infected cells (Fig. 8) . Both parental and control cells showed normal myogenic differentiation by expressing Myhc at 48 h (Fig. 8, A and C) , and more elongated, multinucleated myotubes were observed at 96 h (Fig. 8, B and D) . In contrast, the Mustn1-silenced cells displayed much lower Myhc expression and failed to initiate myofusion at both 48 and 96 h; failure to fuse was verified by the absence of multiple nuclei in these cells (Fig. 8, E and F) .
Given that Mustn1expression was reduced at both mRNA and protein levels, we investigated the mRNA expression pattern of the myogenic regulatory factors upstream of Myog, that is, Myf5, Pax3, and Myod. As can be seen in Fig. 9 , there was a threefold reduction in Myod expression at both 48 and 96 h of differentiation in Mustn1-silenced cells compared with control and parental cells. This is in contrast to Myf5, whose expression profile was not different between the two cell lines at either time point (Fig. 9) . Although attempts were made to investigate the expression of Pax3, we could not detect any endogenous Pax3 mRNA in samples used in the aforementioned analyses (data not shown). In addition, we also examined Pax3 expression in normal proliferating and differentiating C2C12 cells and again we did not detect endogenous mRNA expression (data not shown), consistent with previous reports (3, 13) .
DISCUSSION
While our previous research had identified Mustn1 as a musculoskeletal-specific gene involved in bone development and regeneration (16) as well as chondrogenesis (5), the results described herein extend our knowledge of Mustn1 to now include its expression during skeletal muscle development and, more importantly, its critical role in the myogenic progenitor cell (myoblast) function. Given that skeletal muscle growth and hypertrophy require myoblast proliferation, differentiation, and fusion to existing fibers (26), our findings clearly support the importance of Mustn1 in myoblast differentiation, such that in its absence, myoblast differentiation is abrogated and myofusion fails to occur completely.
In the present study, we demonstrated that the absence of Mustn1 abrogated myogenic fusion and differentiation, thereby halting myogenesis in vitro. Mustn1 has also been identified by others as a contributor to muscle growth and development. Zheng et al. (27) in their work examining the transcriptional changes underlying divergent skeletal muscle growth rates of broiler and layer chickens identified Mustn1 as a gene important for skeletal muscle growth. A second study investigating the effects of an acute bout of resistance training on gene expression found that Mustn1 expression upregulated with eccentric contractions, but not concentric contractions, suggesting that Mustn1 may be involved in repair of eccentric-exercise-induced muscle damage (12) . A third study that explored the callipyge mutation in sheep (results in postnatal skeletal muscle hypertrophy in the pelvic limbs and loins) identified Mustn1 as a differentially expressed gene displaying upregulated expression during hypertrophy in the sheep with the callipyge mutation (24) . These findings are consistent with the present work demonstrating that Mustn1 plays a critical role in myoblast differentiation, an action that is essential for skeletal muscle growth, hypertrophy, and regeneration. In the present study, Mustn1 RNAi was expressed in a myoblast cell line, rather than primary myoblasts, though we hypothesize that these findings would be consistent with similar experiments conducted with primary myoblasts. Further studies are needed to confirm this hypothesis.
The involvement of Mustn1 in hypertrophy is further supported by our previous in vitro results correlating Mustn1 expression with myogenic differentiation, myofusion, and myotube formation in C2C12 cells (15) . Thus, to extend these diverse expression data and to be able to probe the role that Mustn1 plays in myogenesis, we sought to functionally perturb Mustn1 via silencing its expression in C2C12 myoblasts. The novel aspect to this work is the finding that a 60% decrease in Mustn1 mRNA expression led to a dramatic reduction in the number, elongation, and nucleation of myotubes. In fact, even in myotubes that were present, there were none that were elongated with multiple nuclei, indicating that the process of myofusion had been completely abolished. This observation was verified by examining the expression of genes related to the process of myofusion such as Capn1 (17) , Cav3 (20) , and Cadh15 (4), whose expression was severely reduced in the Mustn1-silenced cells. Given the dramatic decrease and delay in Des, Myod, and Myog expression, the robust alterations in genes associated with myofusion were not unexpected. Whether Mustn1 is affecting differentiation and myofusion independently, or the absence of myofusion is the result of significant reductions in the myogenic factors, has yet to be fully elucidated, though we would speculate it is the result of the latter given that Des, Myod, and Myog have all been demonstrated to be necessary for normal myogenic differentiation (14, 22) and a decrease in their expression would lead to impaired differentiation and subsequent myofusion.
It is worth noting that even though there were still low levels of both Myod and Myog mRNA present in the Mustn1-silenced cells at 48 and 96 h in differentiation medium, it was insufficient to rescue differentiation. The impairment in latter stages of differentiation was illustrated using both Q-PCR and immunocytochemistry, which revealed significant reductions in Myhc expression. Though some Mustn1-silenced cells expressed Myhc, no multinucleated myotubes were detected at either 2 days or 4 days of differentiation. Thus, these data suggest that Mustn1 affects the initial stages of myogenesis and it is reasonable to consider that myoblasts need to maintain Mustn1 above a critical level to allow the initiation of myogenic differentiation.
While the importance of Mustn1 in myogenic differentiation is clear from the present results, how Mustn1 is regulating this critical process has yet to be fully elucidated. Mustn1 is a nuclear protein and though its amino acid sequence does not indicate any known functional motifs (16) , it is unclear if and how it may be directly affecting the expression of transcription factors like Myod and Myog, both of whose expression was severely reduced in the Mustn1-silenced cells. Clearly, studies aimed at elucidating the molecular mechanism(s) by which Mustn1 is regulating muscle differentiation are an important consideration and may lead to the identification of another critical regulatory protein essential for myogenic progenitor cell function. Furthermore, uncovering the mechanisms of action of Mustn1 may help to shed light on the complex pathways by which MRFs direct skeletal muscle growth and hypertrophy (21, 25) . RNA from control (GFP) and Mustn1 RNAi-treated cells was isolated at 48 and 96 h after plating and subjected to Q-PCR. Aside from Myod, Myf5 was also tested but did not reveal any differences in mRNA expression between the two different cell lines. Error bars indicate SD (n ϭ 3). *P Ͻ 0.05, **P Ͻ 0.01, determined by one-way ANOVA with Tukey's post hoc test.
